Abstract Temperate and tropical birds possess divergent life history strategies. Physiological parameters including energy metabolism correlate with the life history such that tropical species with a slower 'pace of life' have lower resting and maximal metabolic rates than temperate congeners. To better understand the physiological mechanisms underlying these differences, we investigated the relationship of metabolic capacity, muscle oxidative capacity and activity patterns to variation in life history patterns in American robins (Turdus migratorius), while resident in central North America and Clay-colored robins (Turdus grayi) resident in Panama. We measured summit metabolism _ VO 2summit À Á in birds from both tropical and temperate habitats and found that the temperate robins have a 60 % higher metabolic capacity. We also measured the field metabolic rate (FMR) of free-living birds using heart rate (HR) telemetry and found that temperate robins' daily energy expenditure was also 60 % higher. Thus, _ VO 2summit and FMR both reflect life history differences between the species. Further, both species operate at a nearly identical *50 % of their thermogenic capacity throughout a given day. As a potential mechanism to explain differences in activity and metabolic capacity, we ask whether oxidative properties of flight muscle are altered in accordance with life history variation and found minimal differences in oxidative capacity of skeletal muscle. These data demonstrate a close relationship between thermogenic capacity and daily activity in free-living birds. Further, they suggest that the slow pace of life in tropical birds may be related to the maintenance of low activity rather than functional capacity of the muscle tissue.
Introduction
Species differ widely in life history traits, reflecting differences in both the environment and in adaptive physiological responses (Stearns 1992; Robinson et al. 2010) . We refer to the intersection of environmental factors and physiological mechanisms influencing demographic patterns of populations as the 'physiology-life history nexus' (Ricklefs and Wikelski 2002) . There is a long history of observed differences in life history characteristics, especially in birds, over latitudinal gradients leading to the hypothesis that the relatively slower rate of reproduction typical of tropical environments selects for a slower pace of life (Wikelski and Ricklefs 2001; Cardillo 2002) . This slower pace of life in tropical birds is characterized by a proportionally larger investment in self-maintenance rather than production of offspring, and manifests itself in longer life span and lower reproductive rate (Robinson et al. 2010) . Further, physiological characteristics of tropical, compared to temperate, birds include greater investment in immune response (Lee et al. 2008 ), a more robust stress response , lower serum antioxidant activity (Cohen et al. 2008 ) and lower metabolic rates, both basal (Tieleman et al. 2006; Wiersma et al. 2007b ) and maximal (Wiersma et al. 2007a) .
Along the temperate-tropical life history gradient, the faster pace of life at higher latitudes is associated with higher metabolic capacity (Wiersma et al. 2007a ). However, it is unclear whether increased metabolic rates directly predict activity level (i.e., 'pace of life'). For example, Ricklefs et al. (1996) found no connection between basal metabolic rate (BMR) and daily energy expenditure (DEE) in birds, as has been shown in mammals (Ricklefs et al. 1996) . Supporting such an association, a recent study of a lowland tropical forest bird (using heart rate telemetry), found that the DEE as well as frequency of activity were low (Steiger et al. 2009 ). Further, field metabolic rate (measured with doubly labeled water) of tropical House Wrens was lower than that of the temperate zone individuals of the same species (Tieleman et al. 2006) . Desert larks have lower BMR than mesic congeners, suggesting a broad potential for adaptation of avian metabolism in response to environmental challenges (Williams and Tieleman 2005) .
As there are no data for both metabolic capacity and DEE for tropical birds, the relationship between metabolic capacity and DEE remains unknown. However, sustainable metabolic rates establish an animal's metabolic ceiling (Piersma 2011) , potentially limiting activity. With change in DEE, birds must change the fraction of available metabolic capacity used for activity, change capacity, or use a combination of these two strategies (Liknes et al. 2002) . The explicit purpose of our study was to assess whether a fast pace of life is associated with elevation of this ceiling reflecting greater intensity of daily energetic output.
Organismal metabolic rate is a function of tissue properties; therefore, we expect that species with 'fast' life history will exhibit relatively higher skeletal muscle metabolic capacity in concordance with increased activity, as suggested by countless exercise training studies in mammals (reviewed by Fluck and Hoppeler 2003) . In temperate resident birds, winter cold has been shown to increase tissue metabolic capacity (Swanson 1991; O'Connor 1995; Zheng et al. 2008 ) and increased flight muscle mass has also been documented in several migrant bird species (Piersma 1998; Lindström et al. 2000; Bauchinger et al. 2005) , suggesting that activity level may be important in establishing differences in tissue metabolic capacity. While, life history driven variation in organismal pace of life may be related to variation in muscle oxidative capacity, we are unaware of any data addressing this question.
To investigate the relationship between metabolic capacity, muscle oxidative capacity and activity patterns as related to variation in life history patterns, we studied American robins (Turdus migratorius), while resident in central North America and Clay-colored robins (Turdus grayi) in Panama, hereafter abbreviated AMRO and CCTH, respectively, following standard ornithology alphacode abbreviations. Both species inhabit similar niches in their respective environments and possess differing life history strategies. For example, annual survival of the tropical CCTH is estimated at *77 %, while that of temperate AMRO is estimated at about 50 % (Ricklefs 1997) . Similarly, at about 3.5 eggs per nest, clutch size is higher in AMRO (Ricklefs and Bloom 1977; Henny 1972 ) than CCTH, which lay about 2.7 eggs per nest (Skutch 1981) . Temperate AMRO are more successful at fledging young, with double the number of individual eggs that lead to surviving fledglings and a doubling in overall seasonal reproduction (Ricklefs 1997) , despite that the tropical breeding season is longer (Stutchbury et al. 1998 ). We first asked whether this species pair exhibits the previously described temperate-tropical pattern in metabolic capacity reflecting differences in life history by measuring summit metabolic rate _ VO 2summit À Á achieved by cold heliox (HeO 2 ) exposure as described by Rosenmann and Morrison (1974) . We next ask whether DEE reflects maximum metabolic capacity and life history predictions by measuring field metabolic rates of free-living birds in both tropical and temperate habitats using heart rate (HR) telemetry. HR telemetry permits measurement of DEE with accuracy similar to the doubly labeled water approach (Butler et al. 2004) , as well as finer scale description of metabolic rate during specific behaviors or activity periods (Bisson et al. 2009; Sgueo et al. 2012) . Given the limited data on field metabolic rates of tropical birds, how metabolic capacity is related to daily activity rates remains unknown. Finally, as a potential mechanism to explain differences in activity and metabolic capacity, we asked whether oxidative properties of flight muscle are altered in accordance with life history variation by comparing histological measurements of muscle fiber type (myosin ATPase) and succinate dehydrogenase activity, and biochemical measurement of citrate synthase activity. 
Materials and methods

Study
Physiology experiments
Field metabolic rate
Once birds were brought into the laboratory, a HR radiotransmitter was attached to the mid-scapular region of the back of the bird with fine wire electrodes placed subcutaneously for detection and transmission of ECG signal as described previously (Cochran and Wikelski 2005; Froget et al. 2001; Steiger et al. 2009; Sgueo et al. 2012) . Transmitters (*1 gram; J.D.J.C. Corp., Fisher, IL, USA) weighed less than 2 % of the bird's body mass, minimizing the likelihood that birds were experiencing increased metabolic effort in carrying transmitters (Gow et al. 2011 , but see Barron et al. 2010) . After transmitter attachment, and before bird release, we simultaneously measured HR and oxygen consumption using indirect calorimetry (Sable Systems, Las Vegas, NV, USA) to generate a calibration curve (Bisson et al. 2009; Sgueo et al. 2012) . During each measurement, the bird was placed into an approximately 4.5 liter plastic chamber with constant flow of room air. Positive pressure gas flow (room air) was regulated by a mass flow meter (0-5 L/ min range; Sierra Instruments, Inc., Monterey, CA) controlled by a mass flow controller (model MFC-2; Sable Systems, Las Vegas, NV) at 1.4 L/min. Gas passed through the chamber containing the bird (4.5 L volume for FMR calibration or 1.2 L for _ VO 2summit , below) and then passed through a CO 2 analyzer (model CA-10a; Sable Systems, Las Vegas, NV), a drierite (dessicant) column and an O 2 analyzer (model FC-10a; Sable Systems, Las Vegas, NV). Calibration of both O 2 and CO 2 analyzers followed the instructions in the Sable Systems manuals using ambient air and 100 % nitrogen as a 'zero'. Washout times were 9 and 4 min, respectively, for FMR or _ VO 2summit (below). In all cases, birds were held at room temperature during measurements, which lasted from 40 to 60 min per animal. To reduce the equilibration time, birds were placed into chambers at room temperature and gases equilibrated at rest before beginning experiments. To generate a wide range of both HRs and oxygen consumption rates that reflect physiological limits, measurements were made while the bird was at rest as well as while the bird was agitated (by drumming on, moving and shaking the chamber), either mildly or severely, in the metabolic chamber. While an elevation in HR and oxygen consumption in response to stress is not equivalent to elevation due to ''natural'' activity, the birds became very active under these stimuli, moving and fluttering wings and generated a wide range of heart rate and metabolic rate values used for calibration of HR to oxygen consumption. These equations typically had an r 2 of about 0.9. Each phase of calibration extended over at least 10 min, once steady state for oxygen and carbon dioxide readouts were reached and several HR measurements were taken. The range of HRs obtained during calibration spanned HRs obtained in the field. Oxygen consumption rates _ VO 2 À Á at each activity level were calculated from 1 min of steady state data using the following equation from the Sable Systems manual:
where STP = standard temperature and pressure; FR = flow rate; F i O 2 and F i CO 2 = fractional content of oxygen and carbon dioxide, respectively, in incurrent air; F e O 2 and F e CO 2 = fractional content of oxygen and carbon dioxide, respectively, in excurrent air. Individual calibration curves were collected for each bird and used to determine field metabolic rate from HR data collected in the field as described below. For two AMRO, we were unable to generate an individual calibration curve and used a master calibration curve produced by combining data from all individual AMRO (including some that we were unable to track). Use of master calibration curves for all animals produced nearly identical values for DEE and differences between groups that were also statistically significant. Following collection of the calibration data, birds were released at the site of capture. Radio-telemetry was used to track each individual for 24 continuous hours, beginning at least 12 h after release, enabling the bird to recover from transmitter attachment and achieve a standard physiological state. During the 24-h tracking period, HR was recorded every 5 min and was assumed to be representative for that period. We successfully collected telemetric ECG for a complete day from four AMRO and six CCTH. HR was determined following transformation (FFT) and filtering of raw transmissions using CoolEdit 2000, as described previously (Bisson et al. 2009 ). Field metabolic rate calculated as rate of oxygen consumption and expressed as DEE, was then determined using the mean HR from field measurements and the laboratory calibration equation. In addition to DEE, rate of energy use was calculated on an hourly basis to observe the pattern of oxygen consumption throughout a given day.
Summit metabolism
A second set of birds was used to measure thermogenic capacity _ VO 2summit À Á as a surrogate for maximal metabolic capacity. After weighing, summit metabolism measurements (following Rosenmann and Morrison 1974) .were collected, while birds breathed a helium-oxygen gas mixture (Flow = 1.2 L/min; chamber volume *1 L). The heliox (HeO 2 ) environment facilitates rapid body heat loss while minimizing the danger of freezing damage to tissues. Birds were initially left at room temperature for 10-15 min to allow system equilibration before being placed into a static 4°C temperature (Swanson et al. 1996) . The CO 2 content of excurrent air was closely monitored and the bird was removed upon decline of CO 2 content. Immediately upon completion of the session, cloacal temperature at a standard depth that had been previously determined to accurately measure core temperature. In all cases, birds were slightly hypothermic (T b B 38°C). _ VO 2summit was calculated using the peak value calculated from 1 min of respiration data once the bird had reached a steady state plateau using Eq. (1).
Metabolic 'effort'
We divided values for field metabolic rate by summit metabolism (expressed as DEE/Summit) to determine the relative metabolic effort, or the extent to which birds utilized metabolic capacity, noting that this value is likely an overestimate as our measure of metabolic capacity is somewhat below maximum achievable during flight in a wind tunnel.
Tissue experiments
A third set of birds was anesthetized with inhaled isofluorane and decapitated for tissue collection. Samples were dissected from the medial region of the pectoralis muscle from each individual, frozen in 2-methyl butane in liquid nitrogen for histology or directly frozen in liquid nitrogen for biochemical assay and stored at -80°C for later analysis.
Muscle fiber type histology
Frozen pectoralis muscle samples were mounted in tragacanth gum, sectioned (12 microns) in a Microm HM505 N cryostat (Carl Zeiss, Waldorf, Germany) and placed on glass slides. Staining for myosin ATPase activity followed Brooke and Kaiser (1970) . Pre-incubation pH was 4.53, 4.60 and 10.60 to visualize type IIa, IIb and I, respectively. We were unable to differentiate between type IIa and IIb; however, using a range of similar acid pre-incubation steps, thus, data are reported using the 4.53 pre-incubation step in which only type I fibers stain darkly. Succinate dehydrogenase staining followed Sheehan and Hrapchak (1987) . Briefly, sections were prepared as above and incubated in phosphate buffer with succinic acid and a redox indicator (nitro blue tetrazolium). Mitochondrial oxidative activity results in dark blue fibers. In both cases, stained and mounted sections were systematically photographed with a stereomicroscope (Olympus SZX-12; Olympus Corp., Center Valley PA, USA) at 1009 magnification. Total number of complete cells within each field was counted for each stain and percentage appearance of each cell type calculated. For SDH staining, we analyzed sections from five individuals of each species.
Biochemical assays
Our analysis of muscle oxidative capacity used a citrate synthase assay modified from Chi et al. (1983) . Samples were prepared by hand homogenization (on ice) with 19 volumes of homogenization medium (0.05 M Tris, 0.15 M KCL, pH 7.4) followed by centrifugation. Supernatant was removed, frozen in liquid nitrogen and stored at -80°C. To assay maximal citrate synthase activity, pectoralis homogenates were added to assay reagent (0.1 M Tris, pH8.1) with an excess of Acetyl-CoA (0.02 mM) and Oxaloacetate (0.17 mM). The rate of disappearance of Acetyl-CoA was monitored at 232 nm in a temperaturecontrolled spectrophotometer (DTX880 Multimode Detector, Beckman Coulter Inc., Fullerton, CA) at 25°C to determine the rate of enzyme activity. Pectoralis samples were analyzed for seven AMRO and six CCTH.
Statistical analysis
We used students's t tests for pairwise comparisons of physiological variables between AMRO and CCTH for summit metabolism, all histology measurements, muscle oxidative capacity and DEE. Hour-by-hour energy use rates were analyzed using repeated measures ANOVA in SAS (version 9.1 for Windows). The level of significance was set at p \ 0.05 in all cases, except for pairwise comparisons of individual 1 h periods of rate of energy use for which we used a Bonferroni correction. As data for DEE and summit metabolism were not collected on the same individuals, ratios of DEE/Summit were analyzed using bootstrapping (10,000 iterations) to generate a nonparametric 95 % confidence interval for the true mean ratio. The analysis was performed using R statistical software (version 2.9.0). Data are presented as mean ± SEM [n].
Results
Body mass
AMRO body mass (70.5 ± 1.6 g [8] ) was significantly greater than CCTH body mass (58.5 ± 1.9 g [8] ; p \ 0.001). Given this difference, we report measures of metabolic rate as both whole animal and mass-specific measures.
Thermogenic capacity
Whole animal summit metabolism was significantly greater (88.9 %) in AMRO than CCTH (p \ 0.001; Table 1 ). Although the AMRO had a higher body mass than the CCTH, and thus should have lower mass-specific metabolism according to the body mass scaling of metabolic rates, their mass-specific summit metabolism was also significantly greater (60.0 %) than CCTH (p \ 0.01; Table 1 ).
Muscle histology and biochemistry
Myosin ATPase staining showed no significant difference in the proportion of fast vs. slow twitch fibers (Fig. 1) . Flight muscle of both species was composed of approximately 36 % slow, type I, fibers (AMRO, 35.8 ± 2.0 [7] %; CCTH, 36.2 ± 2.4 [6] %) and 64 % fast fibers (AMRO, 64.2 ± 2.0 [7] %; CCTH, 63.8 ± 2.4 [6] %). We were unable to differentiate between types of fast fiber in this assay, thus the proportion reported as fast fibers are a combination of both type IIa and IIb.
There was a significant increase in the percentage of those fibers staining for succinate dehydrogenase (SDH) activity, a marker of mitochondrial function, i.e., oxidative fibers, in the pectoralis muscle of the temperate robins (AMRO, 70.9 ± 1.7 [5] % vs. CCTH, 61.0 ± 2.6 [5] %; p \ 0.05), suggesting a more oxidative phenotype (Fig. 2) .
To more directly measure mitochondrial capacity of pectoralis muscle, we measured citrate synthase activity as a marker of the tissue mitochondrial capacity. Although similar to the SDH results, citrate synthase activity was not significantly different between species. Therefore, it appears that the metabolic capacity of the pectoralis muscle is similar in the two species (Table 1) .
Field metabolic rate
To determine whether the ''pace of life'' is reflected in the daily energy budget, we measured field metabolic rate using HR telemetry of free-living animals. We used these data to determine the DEE of AMRO in Ohio and CCTH in Panama. DEE was significantly higher in the AMRO J Comp Physiol B (2013) 183:833-841 837 whether expressed per whole animal (64.0 %, p \ 0.01; Table 1 ) or as a mass-specific measure (59.0 %, p \ 0.01; Table 1 ). These results indicate that, like metabolic capacity, the ''fast'' species uses about 60 % more energy per day than their ''slow'' relatives do. One strength of the HR approach for determination of DEE is the ability to examine hour-by-hour patterns in energy use. We calculated hourly rates of oxygen consumption for AMRO and CCTH for a 24-h period (Fig. 3) . ANOVA revealed that there was no significant interaction between robin species and time, indicating that the effect of robin species on DEE does not significantly change by time (F[23,237] = 1.04, p = 0.4169). There was a significant effect of robin species regardless of time (F[1,13] = 31.14, p \ 0.0001), such that the DEE of AMRO was greater than the CCTH. This field metabolic rate was greater for AMRO during the daylight hours, and most of the nighttime hours with the exception of the 4th, 5th, 6th and 17th hours of the day. Therefore, the higher hourly rates of energy expenditure observed in AMRO are not limited to the time periods that the birds are most active, but are also observed during much of the inactive portion as well.
Lastly, we compared the ratio of daily energy expenditure and metabolic capacity (DEE/Summit) between Following predictions from life history theory, both measures of organismal metabolic rate, daily energy expenditure (DEE) and summit metabolism ( _ VO 2summit ), are higher in temperate robins as compared to tropical robins. However, both species are operating at the same percentage of their capacity (DEE/ _ VO 2summit , calculated using whole animal values). We observed no difference in pectoralis muscle citrate synthase activity. DEE was determined in the field via heart rate telemetry. _ VO 2summit was determined via indirect calorimetry in a heliumoxygen atmosphere. Data are presented as mean ± SEM [n], except for the ratio of DEE/ _ VO 2summit which is presented as mean, bootstrap standard error *indicates significant difference from temperate robins at p \ 0.05 level species. Average daily energy use rate is undertaken as a percentage of metabolic capacity and, thus, represents the relative effort of each species during free-living behavior in their native habitat. There was no significant difference in the ratio of DEE/Summit between species (bootstrap ratio of 1.02 with a 95 % CI = 0.91-1.14; Table 1 ), indicating that DEE is a similar percentage of metabolic capacity in both species.
Discussion
We found that tropical robins had lower metabolic capacity as measured by summit metabolism, consistent with a previous report examining several lowland tropical rainforest species (Wiersma et al. 2007a ) and previous predictions (e.g., Vleck and Vleck 1979; Hails 1983; McNab 2001) . Following our expectation that higher capacity would be linked to higher activity and daily rates of energy use, field metabolic rate measurements using HR telemetry showed higher DEE in the temperate robins, similar to that seen in temperate wrens using doubly labeled water (Tieleman et al. 2006) . As AMRO are significantly larger than CCTH, body mass allometry would predict a higher mass-specific metabolic rate in the smaller tropical CCTH. However, CCTH had lower whole animal and mass-specific metabolic rates, in agreement with the proposal that life history drives the differences in the energetic pace of life of these two species. The lower nighttime temperatures in Ohio may have also contributed to the observed differences. While we present a two species comparison, these species are closely related congeners and ecologically similar, providing a reasonable system to test whether differences in their life history (Ricklefs 1997; Stutchbury et al. 1998) Conley et al. 1985 , Schaeffer et al. 2003 , such that _ VO 2summit is 70-80 % of _ VO 2max . In the one study to date, that examined both _ VO 2summit and _ VO 2max in birds, this relationship was not observed (Wiersma et al. 2007a, b) . However, _ VO 2max was measured using the 'hop-flutter wheel' in which exhaustion of the birds, rather than a physiological endpoint such as lactate accumulation was the identified endpoint. Thus, variable motivation may have confounded the conclusion. Using this approach, we found that both species operate at a nearly identical *50 % of their thermogenic capacity throughout a given day. The close matching of these two variables supports the hypothesis that life history establishes both daily activity levels and metabolic ceilings (Piersma 2011 ) that permit that activity. For any organism to increase its DEE, it must either increase the percent of its capacity that is used or increase capacity (Liknes et al. 2002) . It is striking that each of these species has such a similar relationship between use and capacity, which argues that metabolic capacity and DEE are closely coupled in birds, unlike BMR and DEE (Ricklefs et al. 1996) . Both species operate at slightly higher percentage of capacity than Northern cardinals (Cardinalis cardinalis; Sgueo et al. 2012) . However, we acknowledge that phenotypic flexibility (Piersma and Lindström 1997 ) may contribute as differences in activity may drive variation in physiological capacity through acclimatization without adaptive, evolutionary change of metabolic capacity. These measures of metabolic capacity and DEE do not permit us to determine whether CCTH could respond to greater demand by increasing metabolic capacity as has been demonstrated in many mammalian training studies (reviewed by Fluck and Hoppeler 2003) . Nonetheless, a slower pace of life has resulted in lower DEE and summit metabolism in CCTH such that they operate at a percentage of capacity that is identical to that seen in the temperate AMRO.
Our measurement of field metabolic rate using HR telemetry permits fine scale determination of hourly patterns of daily energy use (Bisson et al. 2009; Steiger et al. 2009; Bowlin and Wikelski 2008; Sgueo et al. 2012) . Fig. 3 Energy expenditure is higher in American robins throughout the day. American robins had higher metabolic rates than the Claycolored robins at all periods except hours 4, 5 and 6 (all-overnight hours) and hour 17. Thus, the higher metabolic rate of American robins extends throughout the entire day and through much of the night as well. Values are mean ± SEM and asterisks indicate significant differences between groups at each time point
While AMRO had higher hourly energy expenditure throughout the day, the differences were particularly pronounced during the daylight hours. The higher error measures of the AMRO during the daylight hours reflect the fact that some, but not all the birds were active at any given period, while CCTH largely restricted activity to crepuscular periods. Our data reveal a profound difference in patterns of activity and energy use between the temperate and tropical member of the genus. Differences in both the whole animal energy use and capacity are expected to be a feature of tissue differences, as already suggested (Kleiber 1961) . We examined histological and biochemical markers of oxidative capacity in the flight muscle of both species, but found little evidence that this muscle is responsible for the organismal differences observed. Fiber type staining for myosin isoform (an indirect measure of ATP use rate) showed no difference. Histological and biochemical measures of mitochondrial function were equivocal, with only the SDH histological staining reaching significance. However, while both tending to be higher in the temperate AMRO, the difference was much smaller than whole organismal differences. While several studies have shown that skeletal muscle oxidative capacity is increased with seasonal cold acclimatization (Swanson 1991; O'Connor 1995; Zheng et al. 2008) or migration (Piersma 1998; Lindström et al. 2000; Bauchinger et al. 2005) , others have failed to do so (Vézina et al. 2006; Sgueo et al. 2012) , thus, the contribution of muscle plasticity to seasonal acclimatization remains unresolved.
The demands of divergent life history have apparently led to the evolution of several physiological systems (Robinson et al. 2010 ). We present evidence supporting the hypothesis that a faster pace of life is associated with a coordinated increase in DEE and summit metabolism, and our data highlight the mechanisms by which such differences are achieved. Temperate robins operate at higher metabolic rates throughout the day and possess higher metabolic capacity to support this activity. While evolution can define energy metabolic physiology, the importance of phenotypic flexibility is also well documented (Piersma, 2011) . We suggest that the tight coordination of daily use and capacity is indicative of a finely tuned and likely plastic system. However, whether divergent energy metabolism of temperate and tropical birds is the best described by adaptive or acclimative processes await common garden experiments.
